The genetic population structure and gene flow in the obligatory outbreeding plant species Plantago lanceolata L. were determined in the Westduinen (Wd) pasture population in the South-West of the Netherlands. Three experiments were performed: the measurement of genetic structure using allozyme variation, pollen flow in a wind-tunnel and the distribution of an allozyme marker in a garden experiment. The position and allozyme genotype of 524 plants from eight subpopulations in the Westduinen population were determined. The population exhibited local differentiation: genotype frequencies within subpopulations were mostly in Hardy-Weinberg equilibrium, and gene frequencies varied significantly between subpopulations. The wind-tunnel experiments showed that wind speed, source height and capture height of pollen influenced the pollen-mediated gene flow and therefore neighbourhood sizes. In the garden experiment a clear picture of actual pollen flow could be shown.
INTRODUCTION
Several theoretical studies (Wright, 1943; 1951; Jam and Bradshaw, 1966; Rohlf and Schnell, 1971) suggest that the effect of gene flow on local genetic differentiation is to erode the effects of contrasting selection pressures and random drift. Restricted gene flow would then stimulate the process of local adaptation. However, that this process is more complicated has recently been shown by Stam (1983) . He showed that genetical divergence of flowering time, triggered by an environmental difference, could only occur in the presence of sufficient pollen flow. Restricted pollen flow retarded the divergence. Moreover many experiments (see e.g., Millicent and Thoday, 1961 and for more examples, Endler, 1977) show that quite marked differentiation may evolve quickly in spite of high levels of gene flow.
Information on the relative importance of gene flow in processes like differentiation or adaptation of local wild plant populations was collected, e.g., by Wolfenbarger (1959) , Levin and Kerster (1974) Levin (1981) . Levin concludes-mainly from observations on entomophilous species-that "even if gene flow distances were twice as large as we now think, the spatial scale of gene dispersal:
(1) is still small enough to allow substantial differentiation over short distances with moderate selective differentials and (2) is too small to be a major cohesive force within a species".
The impact of gene flow on the level of local inbreeding in populations is mostly considered in Wright's neighbourhood model (1943; 1946) . The neighbourhood is the area (Na) from which the parents of central individuals may be treated as if drawn at random. The effective size of a neighbourhood (Ne) is in this model equivalent to the number of reproducing individuals in Na. The circle of radius 2o-, twice the standard deviation of gene flow distance, would include 865 per cent of the parents of individuals at the centre. This linkage between the formulae describing neighbourhood size (N = 4irdo-2 where d = density) and isolation by distance (the parent is situated within a circle of radius 2u with a probability of 1 -lie2 = 0.865) only holds under a restricted set of conditions (Crawford, 1984a; van Dijk, 1985 a, b) . These authors further adapt the formulae for Na and Ne (see Materials and Methods) but also question the applicability of the method for seed plants.
The measurement of the genetic neighbourhood structure of a population requires the estimation of the following parameters: population density, mating system and dispersal distances of pollen and seed. Plant populations are well-suited to study the flow of genes, e.g., because parental individuals are on the average sessile, mature progeny (seed) can be sampled along with the maternal parents and genes are mostly distributed by two distinct developmental stages: pollen and seed.
Dispersal can be followed relatively easily if genetical markers are present. This report presents the measurement of the genetic structure in a field population and estimates of gene flow in the self-incompatible, windpollinated, perennial, herbacious plant species Plantago lanceolata L. The species shows the typical syndrome of anemophilous species (sensu Faegri and van der Pijl, 1973) : reduced flowers with extending anthers, with sticky, feathery stigmas, large amounts of non-sticky pollen grains with a diameter of 20-30 pm (Hammer, 1978; Primack, 1978; Bos et al., 1985) . However some populations of the species are also reported to be insect pollinated (Stelleman, 1984) .
Estimates of gene flow were derived from three different types of experiments: (1) The determination of the genetic structure of a field population using allozyme variation. (2) Release of pollen and seed in a wind-tunnel. (3) The distribution of an allozyme marker in an experimental garden population.
MATERIALS AND METHODS

Determination of population structure
In order to determine the genetic structure in part of the Westduinen (Wd) population, a dune grassland used as a meadow for more than three centuries in the South-West of the Netherlands, most of the adult plants from eight distinct subpopulations were collected and transported to the subpopulations were avoided as much as possible, although small height differences could not always be prevented. All plants were screened for allozyme variation on eight loci with polyacrylamide-gel electrophoresis. Extract preparation, electrophoresis and staining methods were applied according to van Dijk and van Delden (1981) . The eight loci were: Isocitrate dehydrogenase (Idh), Glutamateoxaloacetate-Transaminase (Got, 2 loci), LeucineAmino-Peptidase (Lap, 1 locus), PhosphoGlucomutase (Pgm, 2 loci), 6-Phospho-Gluconate dehydrogenase (6-Pgd, 2 loci).
To describe genetic differentiation between subpopulations Nei's (1975) genetic distance (D) and Wright's (1969) * The x2-test for heterogeneity was applied for these loci and x2's all appeared to be significant (P<00005).
correlation can be partitioned into within groups (F1), between groups (FSTI-) and total correlations (FIT). For more details of the methods used in our analysis see Schaal (1975) . By analogy with Wright's (1943; 1946; 1969 ) F-statistics van Dijk (1985a suggested an F (fixation index varying with distance r). This index-which is independent of allele frequencies-describes the genetic similarity of alleles in individuals of the population at spatial distance r from a central individual, van Dijk shows for a completely outcrossing, windpollinated species like P. lanceolata, that F1=2 FrPrNr (1) (Prthe probability of a plant at distance r to become the male parent; N. = the number of plants at distance r from the mother) and that, using a normal distribution function for pollen dispersal, C. e_r2I2 = pollen density at distance r; C = a constant).
For a series of values the value of (1) can now be calculated and the particular o, value, which corresponds to the expected value of F1 will be the best estimate for this population. So, 1985a, b) was used:
M=rn(o+to) n=number of generations).
Wind-tunnel experiments
In a large wind-tunnel (Knottnerus, 1979) was released from an artificial scape: a pipecleaner, on top of a buoyant bar. To release the pollen, the "scape" was dipped in pollen, tightened and set free with a string and then stopped by a rigid bar, transverse in the tunnel. in this way the scape was acting as an instantaneous point source. In each experiment 3-5 puffs were released in an identical way. Two source-heights were used: 015rn and O40 m above floor level. Every experiment was duplicated. Pollen was collected at variable distances from the source (015, 050, 1, 2, 4, 7, 11
and 15 metre) and on three heights ( Allele frequencies within the eight Wd-subpopulations are given in table 1. With these data, the exact location and genotype of individual plants within the subpopulations, some methods of measuring the genetic structure of our populations were employed. The x2-test for heterogeneity was applied to four loci: Got-i, Got-2, Lap-2 and Pgm-2 (Workman and Niswander, 1970) . For all loci the allelic frequencies between subpopulations did deviate more than would be expected by chance alone (P <0.0005). This means that a genetic structure was present in the Wd population (see table I). A X2-test for heterogeneity was also applied for the same loci to all possible combinations of subpopulations in pairs (28); all subpopulations except (A-D) and (E-H) differed significantly from each other (P<005).
The genetic distances (D) between subpopulations over all loci and the spatial distances are presented in table 2. Correlation between genetic and spatial distance was non-significant for seven loci and significant only for PGM-l (r2=053). The correlation combined for all loci was nonsignificant.
Within the subpopulations deviation from Hardy-Weinberg expectation was determined where possible. Deviation was found to be significant (table 3) in 4 out of 30 possible comparisons: Got-i in subpopulation C, Got-2 in D, Pgm-2 in E and G; in all four cases there was a shortage of heterozygotes (P<001). When all subpopulations were taken together and considered as one population three out of four loci showed a significant deviation from H.W.-expectation ( Fig. 3 shows that in all treatments at source height 80-100 per cent of the pollen grains were collected within 05 m distance from the source. These distributions resembled a normal distribution. Graphs made from collections at lower than source height showed peaks away from the source and are obviously non-normal (with the KolmogorovSmirnov test: six out of eight distributions). fig. 3 . The points, at which 683 per cent of the grains were deported, were determined. The distance from this point in the tunnel to the source is the o, on a certain height. Estimations from distances moved are (e.g. in situation A, table 5) close to these values and are 067, O85, 032 and 1-46 m respectively. Table 5 also gives the neighbourhood area (Na) and mean gene transport (M) calculated from the a-,, and the o-values. It is clear, that reception of pollen on a level below source height will increase Na as well as M, especially with increasing source height and windspeed. Table 6 shows the increase of a-. with increasing source height and wind speed. Under the Westduinen (A) conditions genes flew from O3-14 metres per generation (M). In "hayfield" (B) conditions gene flow was higher.
Pollen-mediated gene flow in a garden experiment
During pollination mean flowering height of the MS mothers was 31-6±O3 cm (±S.E.; when measured, spikes were female flowering), for H plants the corresponding figure was 579 13 cm (spikes were male flowering). MS spikes were initially protected against pollination with paper bags and then exposed for 1 day, 7 days or 14 days to pollination. Since the weather conditionspercentage sun, mean temperature, wind speed and direction-were very similar during the three pollination periods and since there was no lapse of gene movement with pollination time (test against lapse in k samples: P = O37; De Jonge, 1963) the results of the periods will be treated together (table  7) . The direction of wind varied considerably during the total period-even within the I day pollination experiment from SE to N-which can be Table 5 Replicates (a1 and inferred from the relative frequencies of wind direction during July ( fig. 4) . Fig. 4 (above) also shows that there was a rapid increase in proportion of spikes without any seeds with the F allele from the Idh -FF sources, as distance from the source increased. The standard deviation of the axial normal distribution of pollen flow_ (Crawford, 1984a) was calculated as p,axiaI = .Jj/2N (N = 57; x, is the distance of the ith F-pollen grain) and became 3-8 metre ( van Dijk et a!. (1985) find the same variance in allele frequencies among populations, measured by FST, as we find among subpopulations: FST = 0-0369 and 00387 respectively.
The standard deviation of pollen flow, estimated from the genetic structure within the different subpopulations, is: 013 m < a-,, <028 m (table 4). For the Pgm-2 locus with some alleles at intermediate frequencies a value a-. =008 m is found. These estimates are estimates after establishment and indicate low gene flow, van Dijk et a-,,) in the Westduinen (Wd) population, obtained in three different ways: from the genetic structure of the Wd population, from the dispersal in the wind-tunnel and from the pollen flow in the garden experiment. Effective population size (Ne; van Dijk, 1985 or Levin and Kerster, 1974), neighbourhood area (Na; van Dijk, 1985 and Crawford, 1984a) and migration per generation van Dijk, 1985) are calculated with o,=008m, d=63.6plants/m2 and (=1 (table 1) , which corresponds-dependent on the value of Na chosen-with 15 and 53 (for Na04m2) or 004 and 01 (for Na=162m2) neighbourhood areas. Since within the subpopulations gene frequencies are not always in HardyWeinberg equilibrium we may assume that the actual size of the sample areas is somewhat larger than one neighbourhood area in the sense of Wright (1943; 1946) . So, on the average a neighbourhood in the Wd population is closer to our smaller estimations than to the largest value.
The centres of neighbouring subpopulations are separated on the average by 14 metres ( fig. 1 ).
With M = 14 m we can argue that it takes a gene from a central plant (14: 1.4)2= 100 generations to migrate to the centre of the next subpopulation. In the Wd we studied the situation of eight subpopulations (islands) and found no relation between geographic and genetic distances (table  2) . This and the random incidental long distance dispersal of seed (e.g., by grazing cattle and walking scientists) make the situation comparable with the Island model, although gene flow within the subpopulations is dependent on distance.
From Wright (1969) (table 1) gives m = 008, which tells that in an average subpopulation with 733 reproducing individuals every generation Nm = 733 x 008 = 6 individuals enter the population. This apparently explains that although the subpopulations are genetically heterogeneous and some Na'S apart, they are only moderately different (FST =0.04). This figure is close to the Nm value 10 for P. lanceolata in van Dijk et a!. (1985) . We realise that the Wd situation with scattered subpopulations ( fig. 1 ) and incidental plants in between, is not a pure "Island" situation and therefore that our figure is a rough approximation.
The major conclusion that may be drawn from the above analysis is, that we find genetic differentiation on micro-scale in the Wd population and that this is explicable especially in the situation of the Wd with small Na and Ne, scattered subpopulations and restricted gene flow within and between the subpopulations. Table 9 presents Na and Ne values for seven wild herbaceous plant species. We also present the methods (expression I to IV after Crawford, 1984a ) used for calculation. The Na estimates are small and rather similar, despite the large variability in breeding and pollination mechanisms. We realise that most of the estimates are based upon potential gene flow rates (movement of pollinators, pollen or seed) and therefore tend to be too small (Levin, 1981) and also that estimations are based upon assumptions which rarely are achieved in nature (Crawford, 1984b We therefore think that our results obtained with three methods of estimation and the agreement of these results with gene flow estimates in other herbaceous wild plants, justify the generalisation that gene flow in Plan tago lanceolata populations will be restricted. As is shown, this can lead to population substructuring not only in plant species that are insect pollinated (Schaal, 1975) , but also in wind pollinated species with low seed dispersal.
